Introduction
Introduction

The vitamin D3 receptor (VDR) is a member of the nuclear receptor superfamily of ligand-activated transcription factors and was first identified as a key player maintaining calcium and phosphate homeostasis [1]. VDR is activated upon binding of its ligand calcitriol (1,25(OH)2 vitamin D3, throughout the text referred to as 'vitamin D3'). This leads to homodimerization of VDR or heterodimerization with other nuclear receptors, binding to vitamin D3 responsive elements (VDREs) and activation of the transcription of VDR target genes
.
There is accumulating evidence that actions of VDR are not confined to processes related to calcium homeostasis and skeletal development, but extend to cell survival, differentiation [6, 7] , proliferation [8, 9] and cell death [10] . VDR expression in the brain was first evidenced by autoradiographic hormonebinding studies in the 1980s, together with the report that effects of sunlight or equivalent artificial light on behavioral processes could at least partially be mediated through vitamin D3-endocrine system [11, 12] . Prenatal vitamin D3 deficiency was demonstrated to impair brain development in rats [13] and cause subtle alterations in their learning and memory abilities [14] . Together with dexamethasone, vitamin D3 down-regulated microglial activation in the rat hippocampus, thus reversing various neuroinflammatory age-related changes [15] . Furthermore, [16] , and could possibly contribute to the aetiology of schizophrenia [17, 18] . Recent findings suggest that regular use of cod liver oil (major natural source of vitamin D3) decreases depressive symptoms in the general population [19] . In addition, genetic variance in the VDR gene apparently influences the susceptibility to age-related changes in cognitive functioning and in depressive symptoms [20] .
Vitamin D 3 signalling in the brain enhances the function of phosphoprotein enriched in astrocytes -15 kD (PEA-15)
Darja Obradovic a a low vitamin D3 status is associated with low mood and impaired measures of cognitive performance in humans
Although there is growing evidence linking vitamin D3 levels to mental health [21] [22] [23] [24] . These cells can be differentiated (by addition of CNTF) to up-regulate markers of three lineages (astrocytes Ն 85%, neurons 10-15% and oligodendrocytes Յ 1%; [24, 25] [26] . Among other functions, PEA-15 regulates the sub-cellular localization of ERK MAP kinase [27] and is linked to various anti-apoptotic and anti-proliferative effects [28] [29] [30] [31] [28] . (Figs 2 and 3) . This confirms the Fig. 1 (Fig. 4C ). [32] [33] [34] [35] [29, 33] . Given that normal astrocytes are generally TRAIL-resistant [33] Fig. 5B) . Interestingly, the attenuating effect of vitamin D3 on the actions of TRAIL in apoptosis and cell viability was completely abolished in PEA-15 silenced cells (Fig. 5B, dark grey  bars) . These data suggest that PEA-15 is mediating the effects of vitamin D3 in cell survival.
Materials and methods
Cell culture and treatments
Real-time PCR
Proliferation assays and cell death
PEA-15 promoter analysis and mRNA induction by vitamin D 3
Given the strong response of PEA-15 to vitamin D3 indicated by two independent samples/methods and its prominent expression in the CNS (particularly abundant in astrocytes [31]), we focussed our further experiments on this candidate. First, we searched by bioinformatics tools for VDR-binding sites in the PEA-15 promoter of the human, mouse and rat genomes. The sequence upstream of the transcription site contains several transcription factor binding motifs, including those for NFB, EGRF, EKLF and SP1 (Fig. 4A). One of these sites is conserved between human, mouse and rat promoter, thus strongly indicating a functional vitamin D3 -dependency of the PEA-15 gene promoter. To experimentally test the up-regulation of the PEA-15 gene promoter by vitamin D3, we treated cells with vitamin D3 and measured the mRNA of PEA-15 by real-time PCR. We observed indeed a rise of the PEA-15 mRNA already after 3 and 6 hrs (Fig. 4B). Using an antibody that recognizes PEA-15 irrespective of its phosphorylation status we also detected an up-regulation of the total amount of PEA protein after 12 hrs
Vitamin D 3 regulates PEA-15 function
We next investigated whether the effect of vitamin D3 on PEA-15 expression changes cellular processes that depend on the function of PEA-15. Numerous studies suggest the involvement of PEA-15 in a broad range of anti-apoptotic processes in cultured cells
. TRAIL (tumour necrosis factor apoptosis-inducing ligand) is an efficient inducer of apoptosis and in TRAIL-sensitive cells; transfection of PEA-15 cDNA resulted in cell resistance, whereas inhibition of PEA-15 expression changed the TRAILresistant phenotype to sensitive
Vitamin D 3 increases phosphorylation of AKT1 and PEA-15
The strong up-regulation observed using an antibody directed against PEA-15 phosphorylated at serine 116 raised the question of whether the increase in the level of total protein is achieved in part by increasing protein stability. It has been reported that PEA-15 is phosphorylated by protein kinase B␣/AKT1, which leads to stabilization of the protein [36] . Therefore, we used Western blot analysis to measure the levels of phosphorylated AKT1, total AKT1, phosphorylated PEA-15 and total PEA-15 after treatment of the cells with vitamin D3. Phosphorylation of AKT1 is a measure of the activity of this kinase [37] . We observed an activation of AKT1 3 and 6 hrs after addition of vitamin D3, whereas the level of total AKT1 protein was unchanged (Fig. 6) . Interestingly, 6 hrs after addition of vitamin D3, we found an increase in phosphorylation of PEA-15 but no change in the level of total PEA-15 yet (Fig. 6) , [32, 34, 45, 46] . The interaction of PEA-15 with DED containing molecules such as FADD and caspase-8 in the death inducing signalling complex is considered to play an important role in the inhibition of cell death-induced activation of TNFR1 [45] . The mechanism of the anti-proliferative action of PEA-15 involves binding to the extracellular signal receptor-activated kinases (ERK1/2) and their export out of the nucleus [47] . This shift of ERK activity from nuclear to cytosolic targets then results in attenuated cell proliferation [46] . Our finding of increased AKT1 activity after vitamin D3 exposure not only provides a potential mechanism for activation of PEA-15 but also adds another pathway through which vitamin D3 exerts anti-apoptotic effects. AKT1 has been established as a central node promoting cell survival downstream of growth factors, oncogenes and cell stress [48] . Important for understanding the function of PEA-15 in the brain was its immunohistochemical mapping in the mouse brain [31] . Although early in vitro studies suggested its expression mainly in astrocytes [26] , immunostaining revealed that PEA-15 was expressed in defined astrocyte sub-populations as well as neurons throughout the brain [31] . Interestingly, it is also expressed in areas known for neurogenesis in the murine embryonic and adult brain [31, 49, 50] [51] [52] [53] [54] . Therefore, we propose that the pathway revealed in this study contributes to these effects and constitutes the molecular basis for these actions of vitamin D3. This probably also applies to the positive effects of vitamin D3 in cancer [55, 56] , most recently highlighted by a widely noticed study outlining positive effects of sun exposure via improving the vitamin D3 status [57] . Since VDR activity was reported to be induced by stress [58] , it is tempting to speculate that up-regulation of PEA-15 by VDR plays a role in the stress response in the brain. It could, for example, contribute to the suppression of neurogenesis by stress [59] as well as counteracting the damage stress is executing on some brain cells [60] , in particular because PEA-15 is found in brain areas sensitive to stress [61] shown to be involved in the regulation of vulnerability to social defeat and of depression-related behaviours in rats [62] .
With respect to brain function in general, numerous studies indicated the importance of regulating apoptosis for normal brain development and function [63, 64] . Thus, the positive role of vitamin D3 reported for brain development [22, 65] and mental health [16, 20] may operate at least in part through its effect on apoptosis via inducing 
